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E. Fermi, Z. Physik 88, 161 (1934)
translation F. Wilson, AmJPhys 36, 1150 (1968)

Studying neutrinos
without detecting them

n → p+ e- ν ̅

21483Bi →21484Po+ e- ν ̅

146C →148N   e-   ν ̅
Spin = 0 Spin = 1 Spin = 1/2

E = ? E = ? Ee = anywhere
between 0 and 3.2 MeV

31H → 32He+ e- ν ̅
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νeKATRIN
(KArlsruhe TRItium Neutrino)
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KATRIN experiment

Tritium source
1011 decays/second

Electrostatic 
high-pass filter
0.9 eV-wide cutoff

magnetic transport
of electrons

detector

UCSB-built calibration gun

Goal:  mv = 0.2 eV sensitivity

Shipped to Germany Feb 2015

       B. Monreal  BNL 2/16



       B. Monreal UofC 11/13

Why KATRIN doesn’t 
scale up well

Spectrometer radius = r1

Spectrometer area = r2

Spectrometer volume = r3

Expensive, thick-wall
Unprecedented size

Vacuum load ~ area
Whole area needs instrumenting

Whole volume is a 
background source

Harder to clear 
Penning/bottle traps = r??

Detector-related 
backgrounds = r2

SpaceTRIN* is 
probably easier
than 3-folding 

KATRIN
(*I am making this up)

source side
1x differential pumping

vent to space

1T HTC magnet,
passive cooling to space

detector side

Electrons guided along flux return loops 
in empty space.  XHV = low background

Viscous flow rate = r4 Molecular flow rate = r3

Plasma charging = rL Need very long source to 
pump adequately, L ~ r1+

Magnet cost (r2 L)0.6 = r1.8++

Statistical error = r1
Source strength = r2

Pumping area = r2
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B field →

T2 gas at P < 1mT

Microwave antennae

The Project 8 concept

• emitted by mildly relativistic 
electrons

• Coherent, narrowband

• 10-15 W per electron

• Electron energy contributes to 
velocity v, power P,  frequency ω

• Can we detect this radiation, 
measure v, P, ω, and determine E 
± 1 eV?

Cyclotron radiation

de Viveiros - UCSB December 2014 v1 #UCLA HEAP Seminar

THE CYCLOTRON FREQUENCY

•Electron on a magnetic field: cyclotron motion 
•Emitted cyclotron radiation depends on electron kinetic energy 
!

!

!

!

!

!

!

!

•New spectroscopy technique: measure cyclotron radiation emission as 
a precise measure of the kinetic energy of single electrons! 

•Cyclotron Radiation Emission Spectroscopy (CRES) 
•Formaggio and Monreal, Phys. Rev. D 80, 051301(R), 2009

7

B-field
fc =

eB

2⇡m

f� =
fc
�

=
eB

2⇡(me +K/c2)
Relativistic correction:

BM & Formaggio, PhysRevD 2009
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PROJECT 8 PROTOTYPE - THE DETECTOR
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Waveguide cell

de Viveiros - UCSB December 2014 v1 #UCLA HEAP Seminar

MAGNETIC TRAP

•Single coil at center of gas cell - harmonic magnetic trap 
•Trap electrons until they collide with gas atoms 
•Trap depth ≤ −8.5 mT 
•Deeper traps have larger pitch angle acceptance 
⇒ can trap e- with smaller pitch angles:
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PROJECT 8 PROTOTYPE

•Goal: demonstrate feasibility 
of detection of single 
electrons through the 
measurement of cyclotron 
radiation 
•Cyclotron Radiation Emission 
Spectroscopy (CRES) 

• 83mKr gas source 
•Currently assembled at the 
University of Washington 

•Data Taking Campaign started 
on June 2014, ongoing 

•First Results: Arxiv 1408.5362

15

RF chain and reciever
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FIRST DATA

•First detection of single-electron cyclotron radiation 
•Data taking started on 6/6/2014 - immediately showed trapped electrons 
•Arxiv: 1408.5362

23

First event

D. M. Asner et al.  Phys. Rev. Lett. 114, 162501 (2015)
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133

Figure A.2: The spectrogram of an electron which undergoes thirteen scatterings before

leaving the trapped phase space.
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It’s the Frank-Hertz experiment!

←4.9V→ ←4.9V→ ←4.9V→

Conclusion: electrons
lose ~4.9 V in each atomic

collision

electron accelerating voltage →

cu
rr

en
t 
→

My handwriting

lab partner’s handwritingFall 1997

Scatters peaked at roughly 
expected ionization energy

14
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4

III. ENERGY CALIBRATION AND RESOLUTION

We use the magnetic fields calculated for this dataset in Section IIA to calibrate the conversion from initial track
frequency to energy, and plot a histogram of event energies for each trap current (see Figure 5). We illustrate the
change in peak shape by plotting all fits together, aligning them at 17.8 keV and normalizing their height to 1 (see
Figure ). A plot of the peak width � in keV vs trap current shows the change in energy resolution with trap depth
(see Figure 7).
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Figure 5: Energy histogram for di↵erent trap currents for the 20140829 dataset.
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Figure 6: Fits to the energy distribution for each trap current, normalized to 1 and aligned to 17.8 kV (20140829 dataset).
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MAGNETIC TRAP

•Single coil at center of gas cell - harmonic magnetic trap 
•Trap electrons until they collide with gas atoms 
•Trap depth ≤ −8.5 mT 
•Deeper traps have larger pitch angle acceptance 
⇒ can trap e- with smaller pitch angles:
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Project 8 - Trap Scan of the 17.8 keV peak

v2 - 2014/09/02

Luiz de Viveiros

We characterize the shape of the 17.8 keV peak versus trap current for the data acquired on
20140829, using the tracks identified by the DBSCAN algorithm in Katydid.
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III. Energy Calibration and Resolution 4
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I. DATA ACQUISITION AND ANALYSIS

We performed a sweep of trap currents from 0 A to 1 A in steps of 0.2 A, and another dataset at 2 A. We
acquired 200 s of data at a single LO frequency for trap current, selected to place the 17.8 keV peak in the center
of the acquisition+analysis bandwidth. The objective of this data is to determine the ideal trap setting for a long
acquisition run.

We use the DBSCAN algorithm in Katydid to identify tracks and events in the data. Figure 1 shows the number of
events vs initial frequency (after mixer 1) for each trap current. No events were observed for the dataset taken with
200 mA and 0 mA. We select the peaks in the range of 1460-1560 MHz, corresponding to the Kr peaks at 17.8 keV,
and fit them with Skewed Gaussian curves to obtain the peak shape.
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Figure 1: Histogram the initial frequency of the first track in each event, for each trap current, for the 20140829 dataset.

Magnetic trap is a B field nonuniformity
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Luiz de Viveiros - UCSB
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IMPROVING ENERGY RESOLUTION: 
POWER CUTS

1

(preliminary)
2 eV resolution

(published) 15 eV resolution!
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Full Scan of Krypton Spectrum
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Run 2: knocking down the noise
Cold head rebuild
Tighten screws (!)
new DAQ
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Doppler shifts and 
nonuniformities

Magnetron (ωm)
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cyclotron frequency

upper sideband

lower sideband
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± 40 MHz



10 kHz frequency modulation
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EVENTS FROM THE “15.7 PEAK” (3)
•But then we observe a strange detail…

6

100 kHz sidebands?
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it is not an applicable strategy because a collision-dominated resolution function cannot be much

broader than the neutrino mass e↵ect sought. Systematic uncertainty in the resolution will limit

the density.

There is a simple relationship between the uncertainty in the variance of an instrumental reso-

lution contribution and the corresponding uncertainty introduced in the neutrino mass:

�m2
⌫
⇡ 2�2

res

. (13)

Each of the resolution components in Eq. 10 has an associated uncertainty that propagates into

the neutrino mass. For concreteness, we assume that the distributions are each known to 1%.

ν2 , e
V2

FIG. 1. Uncertainty obtainable as a function of volume under observation for various choices of number

density per cm3. Systematic uncertainties due to imperfect knowledge of contributions to the resolution are

included. The frequency chosen is 26.5 GHz, the field is uniform to 0.1 ppm rms, the source temperature

for molecular T2 is 30K and for atomic T it is 1K, and the background is 10�6 per second per eV. The

e�ciency factor �⌦ is taken as unity for the e↵ective volume, and the live time is 3⇥ 107 seconds.

Figure I shows calculated neutrino mass statistical and systematic sensitivities for various

choices of number density, as a function of volume. Absent knowledge of the scattering cross sec-

tion for 18-keV electrons on atomic tritium, the cross-section cited by Aseev et al. [15], 3.4⇥ 10�18

Project 8 sensitivity estimates:
Small and high-density or large and low-density?

Neutrino mass limit, eV (90% CL)

Details:  B=1 Tesla, background = 1 µHz/eV,  livetime 1y, angular acceptance 1 ster, 
pressure broadening known to 1%, field broadening < 10-7 

10-9 m3

If source is too dense, limit is 
systematic error on linewidth

(approx. 0.25 eV)
accessible with 2 mCi, 1 liter

Molecular tritium final-state 
uncertainty (0.1 eV)
~20 mCi, 100 liter

Atomic T experiment  
200 mCi, 5 m3

normal hierarchy

inverted hierarchy

More statistical sensitivity by
packing more T into your 

source
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ideal tritium
spectrum with
mv2 = 0

Looks a lot like
a tritium spectrum
with mv2 = 0.07 eV2

different here, 
but usually not
resolvable

Final state energy
of (3HeT)+ ion  
 
σ2 = 0.07 eV2
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Scaling up! 
• Surprise!  The signal ∝ f2 

dependence deceived us into 
starting work at high B

• Worse amplifiers and wider 
bandwidths mean noise ∝ f2 too.

• Only problem with low f: size

• low f = low Δf

• low Δf = store e- for long Δt

• long Δt needs low pressure

• Boyle’s Law V = 1/P

Cyclotron
 power f2

bin width f1

amplifier 
noise PSD f1

single-mode 
SNR f0

magnet 
volume f1

magnet 
energy 1/f

number of 
modes f

f =1 GHz
λ=30cm

B = 3.8 kG

0.1 Ci
0.3 eV

decay volume 
10m long

2.6m diameter

26000 amp-turns
per meter

One giant 
waveguide
with 60 
modes

60x channels
Noise = 1K

single-mode SNR ~6
correlator SNR ~50

sensitivity
mβ = 0.05 eV

ATLAS solenoid
at CERN
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Phase I 2014 Proof of principle on 83mKr 
Learn by experience

Phase II 2016 T2 spectrum 
First "multi-mode" detection

Phase III 2016—
2018

a) atomic tritium R&D 
b) antenna array scaleup

Phase IV 2018— Very large experiment 
sensitive below IH scale

Ioffe trap  
for atomic H 

(ALPHA) 

Future Project 8 ROACH FPGA architecture for DSP

Novel magnet engineering task



• Surplus MRI magnet

• 10-6 uniformity in 
central 50cm

• Now installed at UW 
and ramped to 1.45T
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Test solenoid 

§  In	October	we	ramped	the	test	solenoid	successfully	to	~1.45T	
§  It	has	been	on	since	then,	very	low	dri_	of	less	than	10ppb	per	hour!	

Field	mee<ng,	Trolley	and	test	magnet	update,	Peter	Winter,	02/17/2016	
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